Abstract Studies linking insulin-like growth factor-1 (IGF-1) to age-related bone loss in humans have been reported but remain only correlative. In this investigation, we characterized the bone phenotype of aged WT C57BL/6J male mice in comparison to that of C57BL/ 6J mice with reduced serum IGF-1 levels arising from an igfals gene deletion (ALS knockout (ALSKO)). During the aging process, WT mice showed an increase in fat mass and decrease lean mass while ALSKO mice had stable lean and fat mass values. Skeletal analyses of femora from WT mice revealed an expansion of the marrow area and a significant accumulation of intracortical porosity associated with increased intracortical remodeling. In contrast, ALSKO mice showed only small age-related declines in the amount of cortical bone tissue and minimal intracortical porosity, at 2 years of age. Accordingly, mechanical tests of femora from 2-year-old WT mice revealed reduced stiffness and maximal load when compared to bones from ALSKO mice. We show here that lifelong reductions in serum IGF-1 compromise skeletal size in development leading to slender bones; they are also associated with decreased intracortical bone remodeling and preservation of bone strength during aging.
Introduction
Age-related bone loss is a major determinant of osteoporosis and fracture risk in the elderly (Melton et al. 2007; Rivadeneira et al. 2007; Sornay-Rendu et al. 2009 ). In humans, the typical pattern of cancellous bone loss is indicated by a decrease in bone mineral density (BMD), which arises due to trabecular thinning and deterioration of trabecular architecture (Djuric et al. 2010; Lochmuller et al. 2008) . In cortical bone, there are also noticeable reductions in BMD as well as an increase in medullar area and intracortical bone loss (increased cortical bone porosity) (Boyce and Bloebaum 1993; McCalden et al. 1993; Ruff and Hayes 1984; Simmons et al. 1991) . During growth, insulin-like growth factor-1 (IGF-1) plays a significant role in establishing bone size and tissue amount; however, during aging, the role of IGF-1 remains unclear. Prior studies have shown that during aging in humans, serum IGF-1 levels decrease and these decreases have been correlated with decreases in BMD (Langlois et al. 1998; Patel et al. 2005; Mezquita-Raya et al. 2004; Rhee et al. 2004; Gillberg et al. 2002) and also increases in total number of hip fractures (Boonen et al. 1999 ). Thus, it is possible that serum IGF-1 levels may be linked to decreased bone mass with age. However, interpretation of these associations should be considered carefully, as developmental patterns that may contribute to an increased risk of bone loss during aging have not been addressed by these correlative studies. Indeed, in a recently published study, we demonstrated that inducible reductions in serum IGF-1 after establishment of peak bone mass did not affect cortical BMD or morphology in the adult mouse (Courtland et al. 2011) .
Studies of the natural aging process in inbred mice have shown increased femoral cortical porosity and increased medullar area by 121 weeks of age (~70 human years) (Silbermann et al. 1987) , as well as decreases in femoral cortical and trabecular bone volume as early as 78 weeks (~50 human years) (Weiss et al. 1991) . Thus, mice appear to be a good model for human age-related bone loss. ALS knockout (ALSKO) is a unique mouse model, where the igfals gene encoding the acid-labile subunit is ablated. As a result, serum IGF-1 levels are reduced by 50 % (Yakar et al. 2006) . We have previously shown that ALSKO mice have significant decreases in cortical bone size and tissue amount during puberty and through adulthood in both genders . In the present study, we sought to examine the aging bone phenotype of C57BL/6J mice and determine whether age-related bone loss is exacerbated by significant reductions in serum IGF-1 levels that begin during early growth and development.
Methods

Animals
ALSKO mice were generated as described previously (Yakar et al. 1999 ) and backcrossed to C57BL/6J (B6) for ten generations. B6 (WT) and ALSKO male littermates were housed two to five animals per cage in a 12-h light/dark cycle facility where food and water were freely available. Male WT B6 and ALSKO mice were killed at 21 (for body weight and composition only), 52, 80, and 104 weeks of age. For histomorphometric analysis, the animals were injected with calcein (10 mg/kg) 2 days prior to killing as well as 2 weeks (for 52 weeks animals) and 30 days (for 80 and 104 weeks animals) prior to killing. Relative fat and lean mass (as a percentage of body weight) were assessed in live (non-anesthetized) animals using an EchoMRI™ 3-in-1 system (Echo Medical Systems, LLC). All procedures involving mice were reviewed and approved by the Institutional Animal Care and Use Committee of the Mount Sinai School of Medicine.
Serum and plasma parameters
Serum and plasma were collected through orbital bleeding immediately after sacrifice. Plasma IGF-1 and serum insulin levels were measured using commercial radioimmunoassays as previously described (Yakar et al. 2006; Yakar et al. 2002) . Plasma osteocalcin levels were measured using a commercial radioimmunoassay (American Laboratory Products Company, Inc., Salem, NH, USA). Serum GH and tartrate-resistant acid phosphatase (TRAP) levels were measured using commercial ELISA kits (Millipore Corporation, Billerica, MA, USA and Immunodiagnostic Systems Limited, Boldon, Tyne & Wear, UK, respectively).
Bone morphology and tissue mineral density WT and ALSKO left femora were scanned using a high-resolution SkyScan micro-CT system (SKY-SCAN, Kontich, Belgium). Images were acquired using a 10-MP digital detector, 10-W power energy (100 kV and 100 mA), and a 0.5-mm aluminum filter with 6.7 μm image voxel size. A fixed global threshold method was used based on the manufacturer's recommendations and preliminary studies, which showed that mineral variation between groups was not high enough to warrant adaptive thresholds. The cortical region of interest was selected as the 2.0-mm mid-diaphyseal region directly below the third trochanter, which includes both the mid-diaphysis and more proximal cortical regions. Cortical bone measurements consisted of total cross-sectional area (Tt.Ar), cortical area (Ct.Ar), marrow area (Ma.Ar), cortical thickness (Ct.Th), polar moment of inertia (J o ), tissue mineral density (TMD), and relative intracortical porosity (P c , closed vascular porosity not continuous with the marrow cavity within the sample regions was counted; expressed as percent of Ct.Ar). Trabecular measurements included bone volume relative to total volume (BV/TV), bone mineral density (BMD), trabecular number (Tb.N), trabecular spacing (Tb.Sp), and trabecular thickness (Tb.Th). Additional whole bone measurements included femoral length (Le), robustness (Tt.Ar/Le), and relative cortical area (RCA 0 Ct.Ar/Tt.Ar).
Mechanical testing
In order to assess mechanical integrity, left femora were loaded to failure in four-point bending using a servo-hydraulic materials testing machine (MTS, Eden Prairie, MN USA). Tests were carried out in the posterior-to-anterior direction at a loading rate of 0.05 mm/s with the anterior aspect of the bone in tension. From the resulting load vs. displacement curves, structural properties were calculated to describe the specific aspects of the tissues' mechanical behavior under load. Those properties included stiffness (in newtons per millimeter) and maximum force at failure (in newton). Stiffness was defined as the slope of the elastic portion of the load/displacement curve, while max force was defined as the largest load value registered during the test. In addition, post-yield displacement and work-to-fracture were determined to assess brittleness and fracture toughness.
Histology
Right femora from WT and ALSKO mice were fixed in 10 % zinc formalin and cut in half at the midshaft. Proximal halves of cut femora were decalcified using EDTA and processed for paraffin sectioning and stained with either hematoxylin and eosin (for osteocyte number) or TRAP (for osteoclast number). For osteocyte measurements, 4',6-diamidino-2-phenylindole (DAPI)-stained sections were used to identify lacunae with osteocytes; their number density (Ot.N, in number per millimeter squared bone area) was sampled across four femoral midshaft quadrants (lateral-posterior, medial-posterior, lateral-anterior, and medialanterior), and these values were then averaged to give a mean osteocyte lacunar density. TRAP staining was performed as described previously ).
Distal halves were processed and embedded in polymethyl methacrylate for thick sectioning on a lowspeed saw. Thick sections were mounted on glass slides and polished to~50 μm for study. Bone histomorphometry studies were performed using OsteoMeasure (OsteoMetrics, Atlanta, GA).
Primary osteoclast cultures
Bone marrow cells were flushed from femurs of 104-week male mice using a 26-gauge needle, collected in α-modified minimum essential medium (αMEM) and drawn through an 18-gauge needle to achieve single cell suspension. Cells were then washed in αMEM and cultured in αMEM+10 % fetal bovine serum (FBS) overnight. The following day, nonadherent cells were cultured in osteoclast differentiation media (αMEM, 10 % FBS, 60 ng/ml RANKL, and 40 ng/ mlM-CSF) for 7 days. Primary osteoclast cultures were then washed two times with 1× phosphatebuffered saline (PBS) and fixed with 10 % glutaraldehyde solution for 15 min at 37°C. Following two washes with 1× PBS, a 37°C warmed TRAP staining solution (0.05 M sodium acetate, 0.025 M sodium tartrate, 0.125 mg/ml Fast Red Violet LB Salt, and 0.125 mg/ml Naphthol AS-MX phosphate) was added for 10-15 min and then washed with water. Multinucleated, stained cells were observed and counted using light microscopy.
Statistical analysis
Data are presented as mean values + standard deviation. Significant differences among groups and ages were tested using ANOVA (p<0.05) with Bonferroni posthoc tests. In cases of unequal variance among two or more groups, data were log transformed before performing ANOVA. For statistical analyses of osteocyte numbers and histomorphometric parameters on each bone surface of 104-week animals, t tests were performed.
Results
Decreases in serum IGF-1 levels are associated with reduced body weight and fat mass during aging Our previous studies of ALSKO mice during growth showed reductions in serum IGF-1 levels that were associated with decreases in body size. Likewise, during aging, ALSKO mice exhibited decreases in plasma IGF-1 levels ( Fig. 1a) and reductions in body weight at 52, 80, and 104 weeks of age (Fig. 1b , Table 1 ). For both WT and ALSKO mice, body weight increased significantly from 21 to 52 weeks and then remained constant through 104 weeks (Fig. 1b) .
Studies of ALSKO mice during growth and development revealed that despite significant reductions in serum IGF-1 levels, serum GH levels, taken randomly from fed mice, were not elevated. Likewise, through 80 weeks of age, we did not detect GH elevations in plasma of ALSKO mice (Fig. 1c) . However, samples randomly taken from 104-week-old ALSKO mice showed a significant increase in GH levels compared to all other animals (Fig. 1c) . We should also note that at 104 weeks of age 7 out of 13 (54 %) ALSKO mice harbored hepatic or gastric tract tumors, while only 2 out of 12 (17 %) WT mice showed small lesions in the liver. The increases in tumor incidence in ALSKO mice may be related to increases in GH action; however, GH measurements should be interpreted cautiously as they are taken at one time point and in a random fashion.
Body composition of WT and ALSKO mice was evaluated, as measured by MRI, and revealed significant reductions in fat mass and increases in lean (fat-free) mass in ALSKO mice at 52 and 80 weeks of age as compared to WT (Fig. 1d, e) , while at 104 weeks, we saw similar tendencies, but they were not statistically significant. However, the observed changes were not totally correlated with fat pad weights (since we only measured a few fat pad weights while MRI measures whole body fat content) or different muscle weights Fig. 1 Igfals gene inactivation leads to decreased serum IGF-1 levels and affects body size and body composition through aging. a Plasma IGF-1 levels at 52, 80, and 104 weeks of age (n010-16). b Body weight (n010-48). c Plasma GH levels (n08-15). d Relative fat mass, assessed by MRI (n010-48). e Relative lean mass, assessed by MRI. Data presented as mean +SD (n010-48). Asterisk, significant difference between WT and ALSKO mice at the indicated age; section sign, significant difference from all other groups; number sign, significant difference from 21 weeks of age (since MRI measures all fat-free tissues in its lean mass calculations) and therefore may reflect changes in other organs such as the liver, kidney, and spleen (Table 1) . We found that relative fat mass (evaluated by MRI) increased and relative lean mass (fat-free mass) decreased significantly from 21 to 52 weeks of age for both WT and ALSKO mice, but remained constant through 104 weeks (Fig. 1d, e) . Interestingly at 104 weeks, the relative weight of the gonadal fat pad in ALSKO mice was 2.28±0.21 % while in WT 3.28± 0.46 % (p00.046) and subcutaneous fat decreased bỹ 40 % in ALSKO (0.9±0.07 % in ALSKO versus 1.6± 0.22 % in WT).
Decreases in serum IGF-1 levels are associated with decreased intracortical porosity during aging Micro-CT measurements of cortical bone from the femoral mid-diaphysis indicated that from 52 to 80 weeks of age, the mean trait values were statistically indistinguishable in both ALSKO mice and WT mice, but progressive changes were evident from 80 to 104 weeks of age (Fig. 2) . In WT mice, we found significant increases in total cross-sectional area (Tt.Ar) and cortical bone area (Ct.Ar) (Fig. 2a, b) , while cortical thickness (Ct.Th) decreased (Fig. 2c ) and marrow area (Ma.Ar) increased (Fig. 2d) , resulting in significant reductions in relative cortical bone area (RCA) at 104 weeks (Fig. 2e) . Polar moment of inertia (J o ) (Fig. 2f ) increased in WT mice as compared to ALSKO at 104 weeks. However, this was associated with a simultaneous and significant increase in the intracortical porosity (P c ) (Fig. 2g, i) . In contrast, ALSKO mice had significant decrease in cortical thickness (Ct.Th) (Fig. 2c) and a marked decrease in RCA (Fig. 2e) . Most surprisingly, ALSKO mice showed no age-related changes in intracortical porosity (Fig. 2g, i) . TMD did not differ significantly between WT and ALSKO bones during the course of the study (Fig. 2h) . Our results indicated no difference in lacunae number between WT (796±77 osteocytes/mm 2 , n06) and ALSKO (737±55 osteocytes/ mm 2 , n09) mice at 104 weeks. However, since lacunae number does not indicate osteocyte viability, we also analyzed DAPI-stained sections (nuclear stain) and counted "cell-occupied" lacunae per bone area. Although insignificant, we found that osteocyte number per bone area in ALSKO mice was slightly increased (420±55 cells per mm 2 , n03), as compared to controls (348±81 cells per mm 2 , n03).
While increases in Tt.Ar and J 0 in control mice appear to have a positive compensatory effect on the structural integrity of these bones, the most dramatic difference between groups was the presence of intracortical porosities in WT but not ASLKO bones. This was reflected in our mechanical tests which showed that WT bones, when compared to ALSKO bones, displayed markedly reduced stiffness and max force values at 104 weeks of age (Fig. 2j) . Post-yield displacement (0.15 ±0.06 mm in controls and 0.10 ± 0.07 mm in ALSKO) and work-to-fracture (5.13± 2.4 N/mm in controls and 6.0±3.0 N/mm in ALSKO) did not differ between controls and ALSKO at 104 weeks.
Trabecular bone traits were evaluated at the distal metaphysis and did not vary between WT and ALSKO mice, except in the case of trabecular spacing (Tb.Sp), which was significantly greater in ALSKO mice as compared to WTs at both 80 and 104 weeks of age (Table 2) . Also, from 80 to 104 weeks of age, Tb.Sp was significantly increased in both WT and ALSKO mice ( Table 2) .
Effects of decreases in serum IGF-1 on bone remodeling during aging
To determine whether the differences in skeletal integrity between WT and ALSKO mice could be explained by changes in bone remodeling, we first measured circulating markers of bone formation and resorption. Plasma levels of the bone formation marker, osteocalcin, did not indicate any age effect for WT or ALSKO mice, though ALSKO levels were significantly greater than WT levels at 52 weeks (Fig. 3a) . Likewise, serum levels of TRAP5b, a marker of bone resorption, were statistically indistinguishable among all ages and both groups (Fig. 3b) .
Thick sections of 104-week WT and ALSKO femoral mid-diaphyses revealed calcein labeling as expected (Fig. 3c) . However, label clarity was reduced due to the reduction in Ct.Ar and increase in porosity. Further, periosteal double labels were not resolvable (even with a~30-day inter-label interval) and were seldom found on endosteal surfaces. Thus, periosteal measurements were restricted to relative-labeled perimeter (L.Pm, in percent) and endosteal measurements had a small sample size for calculation of mineral apposition rate (MAR) and bone formation rate (BFR) due to a general absence of double labels. Fig. 2 Decreases in serum IGF-1 due to igfals gene inactivation are associated with elevations in serum GH and decreased intracortical porosity at advanced age. a Tt.Ar; b Ct.Ar; c Ct.Th; d Ma.Ar; e RCA; f J o ; g intracortical porosity; h TMD; i transverse micro-CT images of three 104-week WT and ALSKO femora. Note the substantial intracortical porosity in WT femora and the lack of porosity in ALSKO femora. Bar 00.5 mm; j Stiffness and maximum force at 104 weeks of age assessed by four-point bending assays; asterisk, significant difference between WT and ALSKO mice at the indicated age. Dagger, WT mice are significantly different from WT values at 52 weeks. Double dagger, ALSKO mice are significantly different from ALSKO values at 80 weeks. Number sign, WT mice are significantly different from WT values at 80 weeks. n010-16 per group for each measured trait As such, values for L.Pm, MAR, and BFR were found to be statistically indistinguishable between WT and ALSKO mice on a given cortical bone surface (Table 3) . As a final note, it was found that the intracortical porosities of WT mice were nearly always undergoing bone formation, as calcein labeling was apparent in virtually all such porosities. We therefore counted the remodeling sites found in each section and normalized them to cortical bone area. We found that WT mice had significantly more intracortical remodeling sites than ALSKO femoral diaphyses (Fig. 3d) .
Given that osteoclasts were often observed in intracortical porosities of WT mice (Fig. 3d) , to address whether their activity was part of the increased remodeling in WT bones, we stained paraffin thin sections with TRAP. The results indicated increased TRAP staining in sections from WT mice (Fig. 3e) both within the cortex and the endosteal surface. It should also be noted that in the very rare cases where intracortical porosities were observed in ALSKO mice (Fig. 3d) , lamellar bone infilling was also evident. In contrast, lamellar bone formation was rarely observed within the intracortical porosities of aged WT mice, suggesting both increased resorption and diminished formation in aging WT B6 mice. We further assessed osteoclast number in cultures of nonadherent cells from bone marrow extracted from 104-week-old mice seeded in osteoclast differentiation media. We found that cultures derived from ALSKO mice showed an almost twofold decrease in the number of osteoclasts formed in vitro as compared to WTs (Fig. 4) . These findings are in agreement with our previous study, showing decreased osteoclastogenesis in ALSKO mice during growth (Fritton et al. 2010) .
Discussion
In our previous study examining WT and ALSKO mice during growth and development, we observed that deficits in body and skeletal size appeared as early as 4 and 8 weeks of age, respectively, and continued into adulthood (16 weeks) . In the present study, our examination of 52-week (older adult) ALSKO mice revealed that, although body weights remained significantly reduced compared to WT mice, nearly all skeletal traits were identical to those of WT mice. Additionally, from 21 to 52 weeks, both WT and ALSKO mice had a significant increase in body weight accompanied by significant decreases in relative lean mass and significant increases in relative fat mass. Thus, by 52 weeks, both WT and ALSKO mice were disproportionally fatter and less lean. However, WT mice were significantly fatter and less lean than ALSKO mice, thereby explaining their increased body weight. Serum IGF-1 levels remained significantly reduced in ALSKO mice throughout the study as expected. There were also no observable differences in GH levels between WT and ALSKO mice through 80 weeks of age, although at 104 weeks ALSKO mice had significantly increased GH levels, suggesting that GH levels may underlie skeletal differences between WT and ALSKO mice at 104 weeks of age.
A previous study examining age-related bone loss in mice showed that femora from female C57BL/6J mice exhibited decreased cortical thickness, increased marrow cavity area, and increased cortical porosity by 121 weeks (Silbermann et al. 1987) . However, in that study, the total amount of bone tissue was not measured and cortical porosity differences were not quantified. A later study in CW-1 mice looked at mice as old as 139 weeks and found decreases in BMD and cortical thickness. Yet, CW-1 is an outbred strain and measurements were taken only from the femoral neck of female mice (Weiss et al. 1991) . In a study conducted with aged male C57BL/6J mice, decreases in tibial Ct.Th and Ct.Ar as well as decreases in Fig. 3 Igfals gene inactivation associates with reduced intracortical remodeling and reduced TRAP staining. a Plasma osteocalcin levels (n010-16). b Serum TRAP5b levels (n08-16). c Fluorescent images of thick sections from WT and ALSKO femora at 104 weeks of age. Arrows indicate bone formation at sites of intracortical porosities. d Quantification of intracortical remodeling; e Bright field images of WT and ALSKO femoral cortical sections from 104-week-old mice stained for TRAP cancellous BV/TV and Tb.N were observed by 104 weeks (Halloran et al. 2002) . Thus, there is precedent for cortical and trabecular bone loss in aging inbred mice. However, in the present study, we found that femora from WT male mice exhibit a pattern of age-related bone loss that differs somewhat from previously reported models. In our WT male femora, we found only minor changes in Tb.Sp, and while Ct.Ar values were stable, Tt.Ar values increased from 80 to 104 weeks. These changes were concurrent with a significant increase in the amount of intracortical porosity at 104 weeks of age. It should be noted that some increase in Tt.Ar with age is expected since periosteal bone formation does continue at low levels throughout adulthood Price et al. 2005; Yakar et al. 2009a ) and male mice are likely to add greater amounts of bone periosteally than females, if they follow their human counterparts (Szulc et al. 2006) . However, in this study, the increases in Tt.Ar are sizeable and statistically significant from 80 to 104 weeks. Given the magnitude of these changes, with relatively constant Tt.Ar and Ct.Ar values prior to 104 weeks, as well as the drastic increase in porosity, it seemed likely that male WT mice were compensating for a loss of cortical bone (due to intracortical resorption), by adding greater amounts of bone periosteally. However, this compensatory response of WT bones did not increase bone mechanical properties, as WT femora showed decreases in stiffness and max load when compared to bones from ALSKO mice. We show here that a decrease in bone strength of WT relative to ALSKO mice is only partially accounted for by a reduction in absolute bone mass and changes in cross-sectional bone geometry; the lack of age-related increase in intracortical porosity in ALSKO bones is a major contributory factor. Our results are in agreement with a previous study of 29 inbred mouse lines showing that genes affecting strength by varying BMD are different than those that affect strength by altering cross-sectional geometry (Wergedal et al. 2005 ) and likely from those altering intracortical remodeling. Cortical porosity has been reported in several earlier studies and seems to differ greatly among animal models, with low values for rodents (Bagi et al. 1997; Lauritzen et al. 1993) and higher values for sheep (Chavassieux et al. 2001 ) and dogs (Sietsema 1995; Wilson et al. 1998) . In agreement with the μCT data, showing increased intracortical porosity, we demonstrated an increase in intracortical calcein labeling and TRAP staining and a lack of new lamellar bone, indicating increased intracortical bone remodeling/turnover in WT mice that favors resorption over formation. The current studies reveal a surprising lack of increased intracortical porosity or remodeling aged ALSKO femora. The precise mechanisms underlying this difference in bone aging compared to WT bones (Verborgt et al. 2002; Cardoso et al. 2009; Kennedy et al. 2012) . Age-induced osteocyte apoptosis was reported previously (Almeida et al. 2007 ) and has been linked to accumulation of reactive oxygen species (Mann et al. 2007 ). Animal models with reduced IGF-1 signaling, such as the dw/dw mice with decreased secretion of GH (and reduced IGF-1), thyroid stimulating hormone, or prolactin, show increased resistance to oxidative stress (Hauck and Bartke 2000) . Similarly, the long-lived GH-deficient Ames dwarf, Snell, and lit/lit dwarfs, which all exhibit low serum IGF-1 levels, show increased resistance to oxidative stress and increased activities of catalase and Cu/Zn superoxide dismutase (Bartke and Brown-Borg 2004; Salmon et al. 2005) . It is therefore reasonable to posit that in ALSKO mice, the lifelong decreases in serum IGF-1 act similarly and confer increased resistance to oxidative stress in bone, thus prolonging osteocyte life span and attenuating intracortical resorption and remodeling activities. We also observed that ALSKO mice exhibit agerelated trabecular bone loss beginning at 104 weeks of age. However, the bone loss pattern differed from those of WT mice. While WT mice lost~30 % of their trabecular bone volume from 52 to 104 weeks (6.9 % at 52 weeks, 6.6 % at 80 weeks, and 4.1 % at 104 weeks), ALSKO mice lost~60 % of their BV/TV (6.9 % at 52 weeks, 5.9 % at 80 weeks, and 2.2 % at 104 weeks), suggesting active resorption at the cancellous bone compartment. With respect to cortical bone, we found that WT mice showed a~35 % increase in Tt.Ar and concomitant increase of~30 % in Ct.Ar with age (from 52 to 104 weeks), while ALSKO mice increased Tt.Ar by only 9 % and had a 1 % decrease in Ct.Ar with age (from 52 to 104 weeks). Importantly, ALSKO mice have no change in intracortical porosity from 80 to 104 weeks of age, which is in stark contrast to WT mice as noted above.
A prior study examining aging in WT mice showed that increases in the osteoclast progenitor pool occurred in tandem with age-related bone loss (Perkins et al. 1994) . Thus, we hypothesized that there would be increased intracortical osteoclastic activity in WT mice. Examination of histomorphometric sections from WT mice revealed increased TRAP staining in close proximity to the intracortical porosities. In ALSKO mice, there was notably more infilling (lamellar bone deposits) in areas of intracortical resorption than in WT mice (that may have occurred early during adulthood), but TRAP staining revealed a significant reductions on resorption fronts. These results were in accordance with our ex vivo data where bone marrow cells from 104-week femora were cultured in osteoclast differentiation media. We found that ALSKO mice had significantly lower osteoclast number formed in vitro than WT cultures. These results are in agreement with our previous studies showing impaired osteoclastogenesis in bone marrow extracted from young ALSKO mice (Fritton et al. 2010; Yakar et al. 2009b ).
Conclusions
Similar to humans, inbred mice lose bone mass in a sex-and site-specific manner with increasing age. In this study, we found that male C57Bl/6J (WT) mice demonstrated small but significant increases in Tt.Ar and Ct.Ar at the femoral mid-diaphysis from 80 to 104 weeks of age and that these changes were accompanied by increases in intracortical porosity. These increases in cortical bone size may be an adaptive mechanism to counter the loss of intracortical bone mass by increasing stability geometrically (increasing diametral size). However, whole bone mechanical testing did not indicate equal or greater mechanical properties as compared to mice with minimal porosity (ALSKO). Thus, the compensatory mechanism appears insufficient. We found that the age-related decline in skeletal integrity seen in WT male mice is altered in states of IGF-1 deficiency. Specifically, ALSKO mice, although they exhibited age-related bone loss in the form of small decreases in the amount of cortical bone, had few instances of intracortical porosities and no compensatory increases in Tt.Ar but showed some active resorption in the trabecular bone compartment. Thus, although lifelong reductions in serum IGF-1 compromise skeletal size in development leading to slender bones, they are also associated with decreased intracortical bone remodeling and preservation of bone strength during aging.
